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Washington, D.C. Theoretical prediction of oscillatory pressures on the sonar dome of a CON-38 Class ship proceeding in waves is made using a strip theory. The predicted values are compared with the measured values from a model experiment. Five locations on the dome are chosen for the comparison, and agreement between predicted and measured values is good except for the pressures at a point on the bottom side of the dome.
The good agreement is considered to be attributed to the fact that the- pressure head change due to the oscillatory vertical displacement of the dome, which is predicted reasonably well by the strip theory, is the dominant effect on the oscillatory pressures. The reason for the discrepancy between predicted and measured results on the bottom side of the dome may be due to shortcomings of the strip theory, but this question is unresolved. The good agreement is considered to be attributed to the fact that the pressure head change due to the oscillatory vertical displacement of the dome, which is predicted reasonably well by the strip theory, is the dominant effect on the oscillatory pressures. The reason for the discrepancy between predicted and measured results on the bottom side of the dome may be due to shortcomings of the strip theory, but this question is unresolved.
ADMINISTRATIVE INFORMATION
The work described in this report was performed as a part of continuing efforts 
INTRODUCTION
A ship moving in waves is subjected to wave excited forces and moments, and as a result it undergoes oscillatory motion in an effort to maintain its equilibrium condition. In this process, the pressure acting at a point on the ship hull is contributed by several components. Under an assumption of small disturbance of fluid, these components can be identified as the incident wave, the diffracted wave, and the motions in six degrees of freedom. The motion-generated pressure can be decomposed into the components associated with the acceleration, velocity, and displacement (if the motion induces a vertical displacement of a point on the hull).
The vertical displacement of a point on the hull from the rest position is directly related to the change in the pressure head pgz, where p is the water density, g the gravitational acceleration and Az the vertical displacement.
Since the pressures on the hull constitute the basic source for obtaining the forces and moments on a ship's hull, it is appropriate to compare the computed pressures with the measured values as a meaningful verification of a theoretical method. The present investigation is aimed at checking the validity of the strip theory for predicting the pressures on the hull of a ship moving in waves. Since pressure measurements taken on a sonar dome of a CGN-38 model are available, 1 . they are used to achieve the objectives of this investigation.
Despite initial concern that there would be a large discrepancy between the measured pressures and the predicted values, fairly good agreement was obtained.
The concern was due to the realization that the flow around a sonar dome would hardly be two-dimensional, and the use of strip theory would be inappropriate. A close analysis of the pressure obtained by use of strip theory reveals that the unexpected good agreement is due to the fact that the major contribution to the pressures on the dome is the pressure-head change due to the vertical displacement of the dome, and that the strip theory predicts the vertical motion of the dome reasonably well.
The strip theory used in the present investigation is essentially that of 2 Salvesen, et al. except for a modification made to the wave-diffraction potential function such that it is independent of ship speed. complex velocity potential associated with the incident wave (J -0), the jth mode of motion (j -1 for surge, 2 for sway, 3 for heave, 4 for roll, 5 for pitch and 6 for yaw), and the diffracted wave (j -7); i -I-T ; and wE is the waveencounter frequency which is related to the wave frequency w, the wave headings 8, and the ship speed U by 2 w--U cos 8 (2) wE g
The right-handed rectangular coordinate system O-xyz is translating with the ship speed on the calm-water plane, and In the absence of incident waves, the origin is located directly above the center of gravity of the ship. The O-x axis is directed toward the direction of the translation, the O-y axis is directed to port, and the O-z axis is directed vertically upward.
The complex amplitudes of the motion in six degrees of freedom can be obtained 
If we let the pressure P(x,y,z,t) at any point on the hull to be expressed in the form
we have from the Bernoulli equation
where p is the water density, and iv is the complex amplitude of the vertical motion of the point on the hull which is given by (6) Note that the prcssure contributed by the diffracted waves is given by -ipw€ 7 (w) where one can observe that *7 is a function of w rather than of w E . The rationale behind this is explained in Reference 4.
We can readily obtain the amplitude of the pressure by taking the absolute value of Equation (5) and the phase angle a with respect to the motion of the incident wave at the origin by
where Im means the imaginary part of what follows.
RESULTS AND DISCUSSIONS
The body plan of CGN-38 and the locations of the six pressure gages are shown in Figures 1 and 2 , respectively. The principal particulars of the ship is given in Table 1 .
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The strip theory is based on the two-dimensional flow assumption at each transverse cross section of a body. Thus, the geometry of the immersed portion of a cross section is the basic information for pressure calculations. The shapes of * the right-half cross section on the boundaries of which the pressure gages are mounted are shown in Figure 3 . Approximately 10 to 13 line segments are used to represent the right half of the immersed contour in the computation.
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The fullscale offsets of the points on the boundary of the cross sections used for the computation are shown in Table 2 . The exclusion of the surge-related pressure is due to the assumption that the surge motion is small.
As can be readily observed in Equation (5), the pressure computation requires the information on ship motions, Ci* Unless the computation of the motions is reliable, the prediction of the pressure cannot be expected to be reliable. In Figure 9 comparison of the computed versus measured relative bow motion is presented.
The relative bow motion is defined as the vertical motion of a point on the bow with respect to the collinear vertical motion of the free surface. The vertical motion of a point on the hull is given by Equation (6).
As can be seen, three modes 
where P = pressure due to waves on restrained body P1= pressure due to horizontal acceleration and velocity of the body -iP E62 fr + (x + -2) F 6 } (8d) WE As a typical illustration, the absolute magnitudes of o' Pw Ps' Pv and Ph divided by og A* which are denoted by a bar sign, and the phase angles in degrees with respect to the motion of the incident wave at the origin are shown in Table 3 for P3 for the bow-quartering waves. It is interesting to note that a major ccntributicn to the total pressure comes from P and P . The contribution from the s w acceleration and velocity of the body seems almost negligible compared to that from *The ratio L3 /7 is 416, hence these nondimensional pressures can be converted to the nondimensional values shown in Figure 7 by multiplying these values by 416. the vertical displacement and wave motion. A close examination of PV also reveals that for the waves longer than the ship length the major contribution comes from the incident wave, i.e., ipw% --e Kz -iK(x cos 0 + y sin 8) 2w or jiPwfOl/(Pg) -e X For z = -6.9 m at P 3 gage we get iPwlo/(pg A ) = e-43.35/X where X should be given in meters. It shows that for the wavelength greater than the ship length the contribution of the diffracted wave to P is less than 10 perw cent. As the wavelength becomes less than half of the ship length, contributions from the incident wave and the diffracted wave approach about the same.
If we ignore the contribution of Pv and P to Po then we can approximate P In Table 4 the values of Pt are shown together with P and the ratio of Pt/P in percent. One can readily observe that the errors caused by the approximation is within 15 percent. For X > L, the error is reduced to less than 10 percent.
Although the results are not presented for the other pressures, it was found that the same trend is applicable to the others. In Table 5 comparison of the relative magnitudes of the pressure components for P 2 and P5 is shown for U -20 knots. It is interesting to note that for the gage P 2 which is located at the side of the sonar dome we find Ph > Pvp and for P 5 which is located on the bottom ve find
Pv
Ph" This fact implies that the mode of motion which is in the direction normal to the point on the body surface contributes significantly larger pressure thin the mode in tangent to the point. However, Pv and P are still much smaller magnitudes compared to P and P . It should be noted that P, which is only dependent upon the absolute vertical motion (see Equation (8b)), should not vary over the sonar surface very much since the variation in x and y over the surface has a negligibly small effect on the vertical motion. Thus, it is expected that the difference in Po among the different gages is attributed mainly to Pw"
The comparisons shown in Figures 4 through 8 show that except for P3 and P6 the computed pressure amplitudes tend to overpredict for wavelengths greater than those at which the peak amplitudes are obtained. A close examination of the comparison of the relative bow motion in Figure 9 shows a similar trend. Thus, it can be concluded that for longer waves, the accuracy of the pressure prediction at a point depends directly upon the accuracy of the prediction of the absolute vertical motion of the point.
A large discrepancy can be observed between the computed and measured pressures at P 5 for shorter waves and greater speeds. This is the point located at the bottom side of the sonar dome, see Figure 2 . It appears that the discrepancy does not originate from the vertical motion since the agreement between the computed and the measured values is very good for the entire range of wavelength and the forward speed, see Figure 9 . Thus, it implies that the contribution from sources other thEn the %ertical motion should be the cause of the discrepancy. Here, the evidence of the failure of the strip theory is clearly demonstrated. It is unclear why the effect of the fluid disturbances associated with the velocity potentials 0 becomes more significant at this location. At the full-scale speed of 10 knots, agreement is good for both head and oblique waves, see Figure 7 . However, at the higher speeds the measured peak value of P5 is about 18 percent greater than that of P3 at 30 knots in head waves, whereas the computed peak value of P5 is about 22 percent less than that of P 3 A further investigation is Tieeded to find out a rational explanation of the discrepancy at P 5 .
The comparisons made in this report are limited to the first-order oscillatory pressure amplitudes. As described in Reference 1, the total pressures measured from the pressure gages exhibited steady pressures (mean shifts), the values of which were different from those measured in calm water. This fact demonstrates the evidence that the second-order steady pressures resulting from the oscillatory fluid disturbances should be taken into account if an accurate total pressure (steady plus the oscillatory) at a point on the hull is to be computed. An attempt was made to compute the second-order steady pressure by P. kR
coi and * is the conjugate of FR" The values, however, turned out to be negligibly small.
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SUMMARY
The first-order pressures obtained by Equation (5) using the strip theory were compared with the measured pressures at five locations in the sonar dome of a CGN-38 model proceeding in waves.
In general, a good agreement between the two results were obtained except for the pressures at high speed at the bottom side of the dome (referred to in the text as P 5 ). It was found that the good agreement was due to the fact that the major contribution to the pressure results from the pressure head change due to the vertical displacement of the point during the wave excited motion, and that the strip theory predicts this vertical displacement reasonably well. The second major contribution to the pressures is found to be associated with the wave motion, and the last and the smallest contribution comes from the oscillatory motion of the body.
This statement may not be applicable to the pressures on the bottom side of the dome as evidenced by the discrepancy found for P 5 A search for a rational explanation for the failure of the strip theory for the pressures on the bottom side of the dome is left for a future investigation. 
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